In the many developments of electrolyte equations of state presented over the past decades several different properties have been in focus. A property that has not been widely used as a fitting property is salt solubility. This work presents a new parameterization of the eCPA equation of State with salt specific parameters. The focus is on accurate description of the salt solubility, and low deviation correlations are obtained for all salts investigated. The inclusion of the solubility data in the parameterization has, compared to parameters only parameterized to osmotic coefficients and activity coefficients, not significantly affected the deviations of the osmotic coefficients and activity coefficients. The average deviations of the activity coefficient does increase slightly and it was found that the increase in deviations was almost entirely due to reduced accuracy at high temperature and high molality. The model is, furthermore, compared to the activity coefficient model, Extended UNIQUAC. It is shown that the eCPA provides more accurate solubility description at higher temperatures than Extended UNIQUAC, but also that Extended UNIQUAC is slightly better at describing the activity coefficients. Overall the two models perform similarly.
Introduction
Electrolytes have a significant effect in many industrial processes. In the oil and gas industry salts can, for instance, increase the inhibitory effect of methanol, ethanol and glycols on the formation of gas hydrates, and have an effect on the gas solubility in water-hydrocarbon mixtures 1 . Salts may enhance corrosion of pipelines and also precipitation of salts (scaling) may occur, due to the change in temperature, pressure and composition from reservoir to surface 1, 2 . In the chemical industries, salts may induce liquid-liquid separation for some, otherwise miscible, liquids. Water-acetone is such a system which is miscible under normal conditions, but when adding specific salts a phase separation occurs [3] [4] [5] . Accurate prediction of thermodynamic properties is important in the design and operation of processes, especially for complex mixtures. For many complex mixtures there are typically few or no experimental data, and therefore it is needed to use reliable thermodynamic models 6 .
Electrolyte systems are typically modeled with activity coefficient models such as the e-NRTL 7 , and Extended UNIQUAC 8 , however such models contain many adjustable parameters and may have difficulty in handling high pressures. Equations of State (EoS) represent an alternative and several EoSs for electrolytes have been developed over the past twenty years. However, no implementation has been developed to a stage where it can be seen as a reliable substitution to the successful activity coefficient models, many of which are available in commercial simulators 6 .
In the many developments of electrolyte EoSs, several different properties have been in focus. Both Galindo et al. 9 and Cameretti et al. 10 parameterized their models with density and vapor pressure of aqueous salt solutions in their original model presentation article, however, the same research groups 3 have later reparametrized their models also including osmotic coefficients and activity coefficients in the parameter estimation [11] [12] [13] . Estimating parameters to activity coefficient or osmotic coefficients seems to be the most popular method in most recent works, with or without additionally using aqueous salt solution densities [14] [15] [16] . In the article by Maribo-Mogensen et al. 17 , a new electrolyte CPA (CubicPlus-Association) EoS was presented, and for this model the parameterization was based on activity coefficients and osmotic coefficients.
A property that has not been investigated in many electrolyte equations of state studies is salt solubility or Solid-Liquid-Equilibrium. Salt solubility can be complex, as for many salts the precipitating solid could be a hydrated form of the salts, and the hydrate number can change with temperature and composition. An additional problem is that standard state properties are needed for the solids, but such properties are often not readily available for all hydrated versions of a salt.
Only a single study has, to the author's knowledge, utilized solubility as a property for parameter estimation. Lin et al. used solubilities of salts in ternary aqueous systems along with apparent molar volumes, activity coefficients and osmotic coefficients at 298.15K for parameter estimation 18 . In addition to this paper, only a handful of studies, where salt solubilities in two salts aqueous solutions at 298.15 K of a few selected systems are predicted, have been identified [19] [20] [21] [22] . Studies investigating single salt solubilities in aqueous solutions at a wide range of temperatures, or mixed salt solubility at other temperatures that 298.15 K, have not been identified in literature. The investigation of salt solubility with equations of state is thus limited to a few, relatively simple two salts systems, only at 298.15 K, and thus no investigations of the models capability with regards to solubility over a wider temperature range have been performed. 4 In this work the goal is to parameterize the eCPA EoS of Maribo-Mogensen et al. 17 , including solubility data in the parameter estimation for obtaining as accurate solubility correlations as possible. At the same time it is sought to evaluate the effect of this parameter estimation method on the osmotic and activity coefficients, to which the model is also estimated. We also evaluate this new version of eCPA against the performance of the original model with the parameters of Maribo-Mogensen et al. Finally eCPA is compared against the Extended UNIQUAC model in order to compare its performance to a welldocumented and successful activity coefficient model. 5 
The eCPA equation of State

The Model
The model used in this work is the eCPA EoS proposed by Maribo-Mogensen et al. 17 . This EoS extends the CPA EoS, as proposed by Kontogeorgis et al. 23 , to account for electrostatic interactions and ion solvation through the use of the Debye-Hückel 24 and Born 25 models. In terms of the residual Helmholtz energy all the contributions are additive as shown in equation (1):
The full model is based on the cubic Soave-Redlich-Kwong EoS 26 , which, in terms of the residual Helmholtz energy , is calculated from equation (2):
Where is the total number of moles, T is the temperature, R is the gas constant, and is the molar volume. There are two model parameters, the co-volume parameter, , and the temperature dependent energy parameter, ( ), given by equation (3):
Here is the reduced temperature defined as: = / , where is the critical temperature. 0 and 1 are adjustable parameters. 6 The residual Helmholtz energy for association is based on the formulation from SAFT 27 of Wertheim's association theory [28] [29] [30] [31] , and can be found from the solution of the constrained optimization problem given in equation (4) 32,33 :
In equation (4), is the fraction of site A on component that is not bonded to any other site, is the density of component , and Δ is the association strength, which is calculated from equation (5):
In equation (5), the two association parameters are the association volume, , and the association energy, , while is given as: = ( + )/2 . ( ) is the radial distribution function given by:
, where is the packing fraction given by /4 . This is a simplified radial distribution function 34 compared to the one used in the originally proposed CPA.
The ion-ion interaction contribution is calculated from the Debye-Hückel theory 24 , which in terms of residual Helmholtz energy is given in equation (6):
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In equation (6) , T is temperature, V is total volume, is the charge of component i, is the Boltzmann constant, and is the Avogadro number. The function is given by equation (7):
In equation (7), is the inverse Debye screening length, while is the hard-sphere diameter of the ion,
. The inverse Debye length can be calculated from equation (8):
Here, in equation (8), e is the elementary charge, is the dielectric constant, 0 is the dielectric permittivity of vacuum, and is the ionic valence of component .
The final contribution to the residual Helmholtz energy is the Born 25 model which is given in equation
In equation (9), , is the radius of the Born cavity, which is caused by the transfer from vacuum to fluid phase. 8 When handling mixtures, mixing and combining rules are needed. While CPA typically employs a quadratic mixing rule for the energy parameter, the electrolyte CPA uses the Huron-Vidal infinite pressure mixing rule as shown in equation (10) and the linear mixing rule for the co-volume parameter as shown in equation (11):
The excess Gibbs energy of the infinite pressure Huron-Vidal mixing rule is calculated using the modified Huron-Vidal/NRTL equation shown in equation (12) :
In this equation, , is the NRTL non-randomness parameter and Δ is the change in interaction energy between like and unlike interactions, i.e. Δ = − . As the already existing CPA parameter should be used for non-electrolytes it is important to note that this mixing rule can reduce to the traditional quadratic mixing rule by setting = = 0, Δ ln 2 = � 2 − �, and = 9 � �1 − �. In this work, no systems with cross association are presented and thus there is no need for combining rules for the association parameter.
For this model, the Huron-Vidal/NRTL mixing rule is simplified by setting the non-randomness parameter to zero by default, which results in the following expression shown in equation (13):
While the entire framework of the model is ion specific, it is due to the simplification of the Huron-Vidal mixing rule possible to use salt specific interaction energy parameters between a salt and solvent, as salt specific parameters are related to ion specific ones through equation (14):
Here is the stoichiometric number of ion in salt, , here with water (w) as a solvent. is the total stoichiometric number of dissociated molecules in salt and is the co-volume parameter of the salt calculated from the ion co-volumes by: = ∑ ∈ . Employing salt specific parameters, however, require an additional thermodynamic condition such as equating the contribution from the cation and anion, Δ = Δ , which is what is done for pure salts. In the case where the model is applied to mixed salt systems there is a need for a common ion, as it is then possible through equation (14) to calculate the input for each ion by setting the value of the common ion equal to zero. Thus in a mixture of for instance, Na + , K + and Cl -, the cation-water interaction energy in equation (14) is set to zero, while the salt-water interaction energy is the known parameter of both NaCl or KCl. This will produce two equations, one for NaCl and one for KCl, from which the two anion-water interaction contributions can be calculated.
Finally it has been found that a temperature dependency of the interaction energy parameter is needed 17 . A quadratic temperature dependency has been developed for the salt-water interaction parameters as shown in equation (15) 17 :
In equation (15) , Δ is the reference interaction energy parameter at a reference temperature, .
This temperature is typically set to 298.15 K as this is a temperature where sufficient data are often available. and , are parameters of the temperature dependency yielding a total of three adjustable parameters, within the mixing rule, for every salt-water binary.
Solid-liquid equilibrium
In order to describe any equilibrium, an equilibrium equation is needed, but unlike the vapor-liquid equilibrium, where the EoS can describe both phases, in the solid-liquid equilibrium the EoS cannot describe the solid phase which rely on standard state properties. The equilibrium equation of the Solid liquid Equilibrium (SLE) used here is shown in equation (16):
Here is the component activities of all components in the fluid phase and is calculated from equation (17):
In equation (17) 
This correlation is identical to the one used in modelling with Extended UNIQUAC 35 and the heat capacity correlations of the ions are adapted from this. The solid salt heat capacities are, however, assumed temperature independent, thus only contributing to the Δ coefficient in equation (17) . The
Gibbs energy and enthalpy of formation, as well as the heat capacity coefficients of the ions can be found in Table 1. 12
Parameter estimation
This eCPA EoS potentially has many free parameters; however, the number of adjustable parameters is limited by linking individual parameters to specific literature data, and by employing assumptions. The parameters of the electrolyte part of the model, the Debye-Hückel and Born terms, include a size parameter in each term as well as the static permittivity, or dielectric constant, also in both terms. The static permittivity has previously been found to be a key parameter for the performance of electrostatic interaction models, and depends on temperature, volume and composition 36 . The model of MariboMogensen et al. 37 is, thus, used to obtain the static permittivity, , as this model has shown accurate predictions for complex hydrogen bonding fluids 37 :
In this ∞ is the infinite frequency permittivity, ,0 is the vacuum dipole moment, and is the Kirkwood g-factor as obtained by Maribo-Mogensen 37 . As already mentioned, the size parameter in the Debye-Hückel (equation (7)), is set as the hard sphere diameter of the ions. These hard-sphere diameters are obtained from Marcus and are shown in Table 1 38 .
The size parameter in the Born term is the radius of the Born cavity, denoted, , in equation (9) .
As discussed by Maribo-Mogensen et al. 17 , different approaches for estimating this parameter can be found in literature. Some have used the same diameter as used in the Debye-Hückel or MSA term 14,22,39 , but others have used an adjustable diameter, typically increased due to the effect of hydration 13 compared to the hard-sphere diameter 16, 18, [40] [41] [42] [43] [44] [45] [46] . Maribo-Mogensen et al. 17 estimated the Born radius to match the hydration enthalpy at 298.15 K calculated with eCPA, as the Born term has by far the most significant contribution to this property. The hydration enthalpy is calculated from the aqueous standard state enthalpy of formation for each fully dissociated salt (Δ ( , )), and the ideal gas formation enthalpy of each ion (Δ ( / , )), through equation (20):
Here is the stoichiometric coefficient of the ions with in the salt, and c and a, designates cation and anion respectively. Maribo-Mogensen et al. matched these values to eCPA calculations, as the hydration enthalpy for each ion can be calculated trough equation (21):
The total hydration enthalpy of a salt can then be calculated from equation (22):
A similar procedure could be performed in this work, as this property will be slightly affected by other parameters. However, in this work it is chosen to use the values of the parameters found by MariboMogensen et al. 17 . This decision is based on the assumption that the contributions from the other terms of the EoS will be small and, thus, the change in the Born radius would be very small to adjust for this.
The radius value of the relevant ions are comparable to those of Rashin and Honig 47 , which indicates that the values used here are reasonable. (23)), is the Born radius adopted from Maribo-Mogensen et al. 17 .
, and is the standard state properties used for the ions, where the coefficients of the heat capacity corresponds the equation (18) . The Gibbs energy and enthalpy properties are adopted from Wagman et al. 48 . The remaining pure component parameters are the ones of the classical CPA, and as the model does not take ion association into account there is no need for association parameters for the ions. The covolume parameter is calculated from the hard-sphere diameter obtained from Marcus using equation (23) and can be found in Table 1 38 :
Since ions cannot exist in a pure form, but only as part of a salt or dissolved in a solvent, binary data must be used for parameter regression. This suggests that the pure component energy parameter in the SRK part and the interaction energy of the Huron-Vidal/NRTL mixing rule should be estimated based on the same data. This could lead to inconsistencies in the parameters as two parameters are
15 representing more or less the same. It is therefore chosen to set the energy parameter of the SRK part constant (a 0 = 0). Only the interaction energy between each ion and the solvent needs then to be fitted. In this work, similarly to Maribo-Mogensen et al. 17 salt specific interaction parameters are used.
This interaction energy parameter between solvent and salt is the only parameter of the model adjusted to experimental data. Including the temperature dependency shown in equation (15), however, the number of adjustable parameters increases to 3.
In the original parameterization by Maribo-Mogensen at el. 17 the parameter was not truly adjustable, but chosen constant for all salts with a specific anion, e.g. chloride salts have a of 340 K, and so on. In this work, however, this parameter is a free adjustable parameter, but it was restricted to be in a reasonable range of 250-400 K.
The standard state properties for solids used in equation (17) , are adopted from Wagman et al. 48 for anhydrous salts. For most hydrated salts, standard state property data are however, not available in such databases. For the hydrated salts the Gibbs energy and enthalpy of formation were used as adjustable parameters, while the heat capacity was estimated from equation (24):
In equation (24) , n is the hydration number, and 40 is an approximate value for the heat capacity of water in the solid state. This value is slightly lower than the standard state value of ice, however it is found that when in hydrates the effect is slightly lower than the ice value. As an initial value for the
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Gibbs energy and enthalpy of formation for the hydrated salts, values regressed with the Extended UNIQUAC model are used, and these initial guess values can be found in Table 6 . In this work the model is parameterized with water as a solvent, using the already existing CPA parameters for water, shown in Table 2 . With these water parameters and the ion specific parameters for the ions presented above (Table 1) , the 3 parameters of the interaction energy temperature dependency (equation (15)) , and the adjustable standard state properties of solids, were regressed to osmotic and activity coefficients up to a molality matching the solubility limit, as well as solubility data.
The osmotic coefficient and the activity coefficients are linked through the Gibbs-Duhem equation (equation (25)) and are essentially two measures of the same thing. Both are used in the regression as both types are available and to ensure data at as many temperatures as possible.
The objective function for the regression is given as the additive sum, equation (26), of two residual functions shown in equations (27) and (28), where is a weight given to the datapoint, :
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In this work the weight has primarily been used to ensure accurate description of the solubility of the salts, as well as putting more weight on higher molality and temperature due to fewer data points in these ranges. Adjusting the weights has been done individually for each salt in an iterative manner until satisfactory solubility representation has been observed. For all salts the weights are initially set to 1
altogether. This works well for a few salts, however for most salts it is unsatisfactory. In order to accurately capture the solubility over extensive temperatures, the solubility data are typically weighted up to 5 times higher than the osmotic coefficient and activity coefficient data. For some of the salts it was observed that getting low deviations in the solubility at high temperatures was an issue. This is mainly due to the large amount of low temperature data and the lower amount of high temperature data. To accommodate this, data over 350K was weighted up to 10 times higher than low temperature solubility data, depending on the salt. It should be noted that equation (27) is very similar to the objective function used in the work by Maribo-Mogensen et al. 17 , and that the entire objective function is similar to the one used for Extended UNIQUAC 35 .The data used for the parameter regression are
18 found from the DTU CERE electrolyte database 49 , and an overview of the data used in the parameter estimation is shown in Table 3 .
The procedure for the parameter regression is not straightforward and is not identical for all salts. In all cases the Maribo-Mogensen et al. 17 parameters were used as the initial estimate for the parameter optimization. For salts where the only precipitate, in the relevant temperature region, is the anhydrous salt, the procedure is, however, fairly straightforward. The standard state properties of the solid are here kept constant and thus only the interaction energy parameters of eCPA are estimated. This procedure is similar to the procedure used by Maribo-Mogensen et al. 17 , with the addition that solubility data are included in the parameter fitting. For salts which precipitate in hydrated form, the parameter estimation is more complex, as both eCPA parameters and solid standard state properties are estimated. The optimization routine for this type of salt system is not uniform and differs between the salts. For the salts that only form hydrates at low temperatures while at high temperatures precipitate in anhydrous form such as NaCl, the parameter estimation is based on simultaneous optimization of the interaction energy parameters of eCPA and the standard state properties of the hydrated solids. For salts only precipitating hydrated, such as magnesium salts, several different intermediate steps must be employed to obtain suitable parameters. Intermediate optimization steps could include; only optimizing to one of the two residual functions (equations (27) and (28)), only optimizing the eCPA parameters with constant standard state properties and reversely only optimizing the standard state properties with constant eCPA parameters. A series of these intermediate steps are
often necessary, and result in unique optimization routines depending on the salt. The parameter 
Results
The focus of this work was to investigate the ability of the model to describe mean ionic activity and osmotic coefficients as well as solubility using a single parameter set. For this investigation, a range of salt solutions with ions: Na + , K + , Mg 2+ , Cl -, Br -, SO4 2-and NO3 -, were parameterized using the estimation procedure described previously. The interaction energy parameters of the 12 salts are listed in Table 4 , while relative deviations for osmotic coefficients, mean ionic activity coefficients and solubility data 21 from Table 3 , are shown in Table 5 . The deviations are presented as Relative Average Deviations (RAD) defined in equation (29):
Here N is the number of data points, and represents any property. For solubility deviations the model is evaluated in terms of molality deviations at the given temperature. For comparison, the parameters of Maribo-Mogensen et al. 17 are also presented in Table 4 . The associated relative deviations are presented in Table 5 , where deviations using Maribo-Mogensen et al. parameters 17 and Extended parameters are also in the high end compared to the other salts, there is also a significant increase. In Table 6 the standard state properties of solids are listed for all relevant solid salts, such that both the including the three problematic salts. For all the salts investigated, the solubility is correlated accurately in the whole temperature range of the data, roughly 273.15 K to 473.15 K, as exemplified in Figure 1 where the solubility of four salts is presented. The results are also compared to eCPA with MariboMogensen et al. 17 parameters, and to Extended UNIQUAC. The NaCl solubility plot is representative for the Na + and K + salts investigated in terms of performance between the models and parameterizations.
In all such cases the Maribo-Mogensen parameters generally capture the freezing point depression as well as the solubility at low temperatures, but deviate at higher temperatures. This is very clear for the 
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The two eCPA parameterizations generally perform very well and similarly at temperatures around 298.15 K, while the accuracy and similarities between the two parameterizations typically reduces at higher temperatures, as can be seen in Figures 2 and 3 . In Figure 2 the mean ionic activity coefficient for NaCl, and KBr is shown. In the NaCl plot there certainly is a difference between the two parameterizations at the higher temperature, but it is small compared to differences and deviations seen at the high temperature in the KBr plot.
In addition to the two Bromide salts which showed high deviations for the activity coefficient, the two nitrate salts investigated also show significant increase in deviations with the new parameters, for both osmotic and mean ionic activity coefficients. This is illustrated in Figure 3 , where the osmotic coefficient of NaNO3 is shown. As for KBr, the difference between the two parameterizations and deviations are minor at 298.15 K but significant at 373.15 K.
In comparison to the Extended UNIQUAC model the average deviations are similar, with Extended UNIQUAC having slightly lower deviations for the mean ionic activity coefficient for most of the salts.
For NaCl the relative average deviations for Extended UNIQUAC are very comparable to the eCPA, but when looking at Figure 2 it is clear that the two models do not follow the same path. In most cases it is observed that eCPA captures the typical minimum in activity coefficient or osmotic coefficient better at around 298.15 K while none of the models do so at higher temperatures.
Discussion
This work had three main objectives, namely to set up a fitting procedure that included solubility data and thus accurate solubility description for the model without sacrificing the good description of the 30 osmotic and activity coefficients; to evaluate the new parameters by comparison to the original eCPA parameters of Maribo-Mogensen et al. 17 ; and finally to compare the performance of eCPA to that of a well-documented activity coefficient model, Extended UNIQUAC. These objectives are the focus for the discussion in this section.
Parameter Estimation
The procedure for parameter regression proved to be complex and not as straightforward as originally anticipated. The uniform direct procedure was not applicable to all salts investigated, and thus it is not possible to write a generic step by step procedure that applies in all cases. We could divide the investigated salts in three groups. There are a number of salts, including all the potassium salts and NaNO3, which only precipitate in their anhydrous form. This group of salts is the easiest to parameterize as it was decided to use tabulated standard state properties for such solids, which means that only the energy interaction parameters were adjustable. For these salts the fitting procedure is similar to when only fitting to osmotic and activity coefficients. From the solubility diagrams calculated with the MariboMogensen et al. parameters, it was evident that the solubility description is primarily deviating for the high temperature/high solubility data, while being fairly accurate at low temperatures. In order to ensure accurate solubility description at higher temperatures the residual function was weighted higher for data points above 350 K for the nitrate salts as well as KBr, while for the others there was no need to differentiate the weight of the solubility data. The nitrate salts need this different weight as they are very soluble and thus have a solubility 5-10 times higher than the other salts investigated. This means that using solubility in the fitting introduces data points at an ionic strength of 70 molal or more while the osmotic and activity coefficient data are found at no higher than approx. 15 molal. The need for the weight for KBr was evident due to trial and error investigations.
A second group of salts consists of the remaining sodium salts investigated. These salts all precipitate as hydrated salts at low temperatures, and as anhydrous salts at higher temperatures. The challenge with this group of salts is similar to the first group of salts discussed. Again, using the Maribo-Mogensen et al. parameters, the primary deviation in solubility was seen at higher temperatures, and thus most of the hydrated salt precipitation was actually fairly accurately described. As the unhydrated salts standard state properties are fixed, the deviation at the high temperature can only be accounted for by the interaction energy parameters and not by altering the standard state properties. For these salts, however, the standard state properties of the hydrated salts are treated as adjustable, which complicates somewhat the fitting procedure. The procedure is, however, not very complicated, but in addition to the model parameters the standard state properties of the hydrated salts are estimated based on a least squares optimization, simultaneously optimizing the model parameters and the standard state properties. Finally, to ensure the best possible optimization, the interaction parameters are optimized with the new standard state properties kept constant.
The final group of salts investigated is magnesium salts. The magnesium salts have more complex solubility profiles than the remaining salts investigated. All four salts precipitate in several hydrated forms only occurring in limited temperature ranges, but not in their anhydrous form, at least within the experimental data range we have used. For three of the salts, MgCl2, MgBr2 and Mg(NO3)2 calculating the solubility with the original parameters of Maribo-Mogensen et al. 17 was not possible, as the calculations fail to converge. The optimization routine for these salts is, due to the complexity with 32 several hydrated salts, more complex in order to converge to a reasonable set of parameters. For MgCl2, the routine is slightly simpler than for the two other salts, as in this case it is sufficient to first optimize model parameters with constant standard state properties. 
Born Radius
In the parameter estimation process, the Born radius was adopted from the original parameters of Maribo-Mogensen et al. 17 under the assumption that the change in other model parameters would have little effect on the model's ability to accurately calculate the enthalpy of hydration (as introduced in section 2.3). To validate this assumption, the hydration enthalpy is calculated and compared to the data from which the Born radius was originally estimated (salt hydration enthalpy derived from Wagman et al. 48 ). As can be seen in Table 7 the absolute relative deviation in hydration enthalpy with the parameters of this work is very low, with an average deviation of 0.5%, while the deviation with the original parameters of Maribo-Mogensen et al., where the radius was fitted to match the data, is only slightly lower with an average of 0.43%. This indicates that the assumption was indeed valid and that it is viable to use these values without doing a refitting of the Born radius. 
Model Performance
As the model is parameterized to correlate the solubility as accurately as possible, it is of interest to evaluate what effect the solubility correlation has on the other properties ( ± , ). The relative average deviations seen in Table 5 indicate that the performance with regards to osmotic coefficient and activity coefficient is only slightly worse with the parameters of this work compared to the Maribo-Mogensen et al. parameters. Behind such average numbers is, however, a more complex picture. For all salts it was found that the deviations were not constant with temperature, and that applies for both eCPA 35 parameterizations. Generally, the model performs very well at 298.15 K and often in a temperature range around 298.15 K. The accurate performance at around 298.15 K and the surrounding temperature range is believed to be due to the type of the temperature dependency in use. The temperature dependence (equation (15)) has a reference interaction energy calculated at the reference temperature, which is set to 298.15 K. This means that there is a parameter directly related to 298.15 K, while the two remaining parameters of the temperature dependency are supposed to account for the remaining temperatures. As it is observed, the Maribo-Mogensen et al. parameters could predict the solubility at 298.15 K with a reasonable accuracy, it would thus, not be expected that the reference interaction energy would change much. This is also what is observed in Table 4 , where the difference between the reference energy is small compared to the much more significant difference in the parameter observed for some salts. For NaCl, even though the parameter is only changed slightly, the impact on the performance is clear both from Figure 2 , and especially from Figure 5 . In Figure For the nitrate salts the osmotic coefficient description is significantly worse with the new parameters, especially at high temperatures, as evident from Figure 6 . For these salts, high deviations, both overall and particularly at the higher temperatures, are observed with the parameters of this work. This is believed to be due to the very high solubility of the nitrate salts, the highest molality of a solubility data point being 80 molal at 473.15 K. These are much higher than the molalities of the osmotic coefficient data used. Forcing the model to accurately describe the solubility, is distorting the presentation of the osmotic coefficients. The parameters in Table 4 The deviations of the activity coefficients are not uniform with regards to temperature, as exemplified for NaCl and K2SO4 in Figures 5 and 7 , which only show low deviation in a relatively narrow temperature range. For some salts, the deviation profile with higher deviations at higher temperatures was already prominent with the original parameter set. It is also clear that the solubility inclusion magnifies this tendency significantly, as is the case with NaCl (see Figure 5 ). For other salts, such as K2SO4, uniform deviations with regards to temperatures are found with the original parameters, but with the parameters of this work the deviations are not uniform either. 38 From the Figures 5 to 7 it is evident that the models' biggest challenge is high molality, high temperature calculations. For all salts where data above an ionic strength of 6 is available there is a big difference between deviations of the data below 6 molal and the full data set. The parameterization of MariboMogensen et al. shows clearly that the model performs well within the molality range for which it has been parameterized, however, above this, especially at high temperatures, it fails. Including the high molality data (both solubility and others) in the fitting shows to improve high temperature representation in some cases, for the full data set. However below 6 molal the solubility data generally impact the osmotic coefficient and mean ionic activity coefficient negatively, producing high deviations below 6 molal. High molality data is in many studies excluded, with the data typically limited to 5-8 molal 12,15 . This limit is believed to be due to the models difficulty in representing the high molality data, and thus it might be set as a limit of application. In a study where solubility data is included it does, however, not make sense to limit the molality of one type of data while another type is found at higher molalities and thus in this work osmotic coefficient and mean ionic activity coefficients are used up to the solubility limit. The fact that the impact of including the solubility is far more severe for the activity coefficient than it is for the osmotic coefficient contradicts the relationship between the two properties. The GibbsDuhem equation (equation (25)) links the two and thus the models performance should be similar between the two properties. The integral within the equations does, however, indicate that the mean ionic activity coefficient is more sensitive to the parameters, something that has also been noted by other authors 11, 50 . The lower deviations for the osmotic coefficient is therefore most likely due to a lower sensitivity to parameters for the osmotic coefficient than for the mean ionic activity coefficient. Figure 8 , the effect on the osmotic coefficient and mean ionic activity coefficient of fitting the standard state properties as well, is significantly better correlation of the properties at high temperature, contributing to overall lower deviations as evident from Table 8 . The change in the standard state properties is small, as the Gibbs energy of formation would be virtually unchanged, and the enthalpy of formation would change 5.57 kJ/mol, corresponding to an approximate change of 1.2%. Even though using this tool to obtain accurate solubility description without losing significant accuracy for the activity coefficients could work, it would result in a more empirical implementation of the model, and it was therefore not considered further.
Model Comparison
The comparison with the Extended UNIQUAC model indicates that the two models overall perform similarly. The Extended UNIQUAC is limited to 383.15 K as described by the authors of the model 35 Comparing the models, it is seen, for instance in Figure 1 that eCPA can better correlate the minimum in the activity coefficient and osmotic coefficient often seen, at least at 298.15 K where the model generally performs best. This indicates that the physics behind the eCPA may be superior to the Extended UNIQUAC. Whereas eCPA is based on the full Debye-Hückel theory, Extended UNIQUAC is based on the extended Debye-Hückel, which is a simplification. This may be a partial explanation.
As described the only other work that, to our knowledge, utilizes solubility for parameter estimation, is that of Lin et al. 18 . This contains a parameterization of an electrolyte CPA with MSA as the electrostatic contribution at 298.15K. This was parameterized with and without ternary solubility data. This paper shows the same tendency as seen in this work, where the deviations for activity coefficient and osmotic coefficient increase slightly however not significantly when solubility is included in the parameter estimation. The Lin et al. model was also parameterized to apparent molar volume which also shows to increase slightly when solubility was included. For comparison the Lin et al. deviation for NaCl change from 1.43% to 1.56% for mean ionic activity coefficient and from 1.25% to 1.29% for osmotic 43 coefficients. The deviations for NaCl at 298.15K for this work is seen to change with the same magnitude, with osmotic coefficient going from 1.72% to 1.77%, and the activity coefficient deviations changing from 2.21% to 2.43%. In Lin et al. the deviation of osmotic coefficient for Na2SO4 changes from 0.43% to 3.06% when including solubility data, and in comparison for this work it changes from 0.71% to 0.92%. A direct comparison between the deviations of the two different models are, however, difficult because the data used is not likely to be identical. Also if the model of this work was only parameterized at 298.15K it is likely to lower the deviations at that temperature.
While eCPA in this implementation has been proven to match Extended UNIQUAC on average for the investigated properties, it is of interest to evaluate if improvements can be made to the model. The main challenge observed by the model is to represent both the solubility and the high molality / high temperature data. In this implementation several assumptions and decisions are made. The model does not account explicitly for ion-solvent association or ion-ion association. Including such interactions could improve the description but may add additional complexity and thus other solutions should be investigated prior to adding complexity to the model. In term of parameters, the use of salt specific interaction parameters is a limitation. Estimating instead ion-solvent interaction parameters will be a more complex parameterization, however, it will also provide the possibility to use the single ion energy parameter, 0 , as an additional adjustable parameter.
Conclusion
This work presents a new parameterization of the eCPA EoS with salt specific parameters. The focus is 44 on accurate description of the solubility, and low deviation correlations are obtained for all salts investigated. Compared to parameters only determined from osmotic coefficients and activity coefficients (Maribo-Mogensen et al. 17 ), the inclusion of the solubility data in the parameterization has not affected the deviations of the osmotic coefficients and activity coefficients significantly, with deviations changing from 4.0% to 4.6% for the osmotic coefficient and 6.8% to 7.9% for the mean ionic activity coefficient. While the average deviations were not affected much, the increase in deviations of the activity coefficients was almost entirely based on decreased accuracy at high temperature and high molality. The model is, furthermore, compared to the activity coefficient model, Extended UNIQUAC,
showing that the eCPA has more accurate solubility description at higher temperatures compared to Extended UNIQUAC, but also that Extended UNIQUAC performs more uniform in its known valid temperature range. On average, the two models perform rather similar with regards to the properties examined in this work. 
